Vocal attractiveness has a profound influence on listenersa bias known as the ''what sounds beautiful is good'' vocal attractiveness stereotype [1]-with tangible impact on a voice owner's success at mating, job applications, and/or elections. The prevailing view holds that attractive voices are those that signal desirable attributes in a potential mate [2-4]-e.g., lower pitch in male voices. However, this account does not explain our preferences in more general social contexts in which voices of both genders are evaluated. Here we show that averaging voices via auditory morphing [5] results in more attractive voices, irrespective of the speaker's or listener's gender. Moreover, we show that this phenomenon is largely explained by two independent by-products of averaging: a smoother voice texture (reduced aperiodicities) and a greater similarity in pitch and timbre with the average of all voices (reduced ''distance to mean''). These results provide the first evidence for a phenomenon of vocal attractiveness increases by averaging, analogous to a well-established effect of facial averaging [6, 7] . They highlight prototype-based coding [8] as a central feature of voice perception, emphasizing the similarity in the mechanisms of face and voice perception.
Results and Discussion
We used auditory morphing technology allowing manipulation of natural voice recordings with high realism [5] to evaluate the influence of averaging on vocal attractiveness. In a first experiment, we constructed voice composites from recordings of 32 male and 32 female voices uttering a simple syllable [9] . Independently for male and female voices, we generated voice composites from an increasing number of individual voices (2, 4, 8, 16 and 32; Figures 1A-1F) . We presented the resulting voice stimuli (64 natural and 62 composites) to a group of 25 listeners who rated vocal attractiveness separately for each voice gender. Interrater agreement was high (Cronbach's alpha: 0.975 for male voices, 0.976 for female voices). As illustrated in Figures 1G and 1H , a highly significant effect of degree of averaging on vocal attractiveness Z scores was observed (F (5,115) = 17.6, p < 0.001): whereas vocal attractiveness Z scores were distributed around zero for natural voices, they were markedly shifted toward positive (more attractive) values with increasing number of averaged voices ( Figures  1G and 1H ). The effect remained significant even when the unaveraged (original) voices were excluded from the analysis (F (4,92) = 3.51, p = 0.01), indicating that it reflects more a steady increase with each additional averaging than a sudden increase between the original and averaged voices. Neither the listener's (F (1, 23) = 0, p = 0.98) nor the speaker's gender (F (1, 23) = 0.4, p = 0.55) had a significant effect on the vocal attractiveness ratings.
Averaging voices by morphing thus resulted in voices considered more attractive than the original voices-in direct analogy to the corresponding phenomenon for faces. It is worth noting, however, that vocal attractiveness was not exclusively related to degree of averaging: a few of the original, unaveraged voices were rated as more attractive than some of the composite voices ( Figures 1G and 1H ). Moreover, a modest correlation existed between the vocal attractiveness Z score of a composite voice and the mean attractiveness of its two underlying voices (r = 0.32, p < 0.001), indicating that the attractiveness of a composite voice depended in part on the attractiveness of the two voices from which it was generated. Note that the averaging-driven increase in attractiveness was greater for the less attractive voices than for the more attractive voices (see Figure S1 , available online).
What explains the averaging-driven increases in vocal attractiveness? A conspicuous effect of the averaging procedure is an increasingly smooth spectrotemporal texture ( Figure 1 ). One way to quantify this effect is by evaluating the harmonics-to-noise ratio (HNR) of the voice stimuli. HNR (in dB) is a measure of the amount of noise in phonation, based on the autocorrelation of the signal, that is used in vocal pathology (with older and pathologically rough voices characterized by lower HNR values [10] ), and it has an important influence on the cerebral processing of vocalizations [11] . As shown in Figures 2A and 2B , HNR values increased with increasing degree of averaging (r = 0.78, p < 0.001), confirming that the averaging procedure caused a reduction in aperiodicities. This smoothing effect of averaging is likely to contribute to the increased attractiveness of voice composites, because smoother, more regular voices may signal younger, healthier speakers. Attractiveness Z scores and HNR values were significantly related (r = 0.38, p < 0.001), but this was expected because both were highly correlated with degree of averaging.
In order to test the causal link between voice texture smoothing and attractiveness, we performed a second experiment in which the smoothness of the original, unaveraged voices was manipulated. This was achieved by morphing voice texture parameters (aperiodicity, spectrotemporal density) independently of the ''shape'' parameters (f0, frequency, duration; cf. Experimental Procedures). For each of the 64 original voices of experiment 1, a ''smoother'' and a ''rougher'' version were generated ( Figures 2D-2F ) such that the resulting texture *Correspondence: p.belin@psy.gla.ac.uk was made more similar (smoother) or more different to the texture of the average voice (rougher), by equal amounts of acoustical change (50%). The resulting smoother voices were characterized by higher HNR values than their rougher counterpart (F (1, 31) = 444.5, p < 0.001; Figure 2C ) but by similar pitch, duration, and formant frequency values (cf. Supplemental Audio). A second group of ten listeners performed an attractiveness discrimination task in which at each trial, the smoother and rougher versions of one of the original voices were played in succession (order counterbalanced) and listeners were asked to decide which of the two voices was more attractive. If voice texture smoothness is related to attractiveness, as suggested by experiment 1, then the smoother version of the voices should be preferred more often than the rougher one. This is what we observed (F (1, 8) Experiment 2 thus showed that manipulating voice smoothness does affect attractiveness in the direction predicted by experiment 1, adding support to the proposed role of reduced aperiodicities in the averaging-driven increases in vocal attractiveness observed in experiment 1: the more the voices were averaged together, the more their noisy, aperiodic part was reduced, resulting in smoother, more attractive voices.
But despite the strikingly similar increases in attractiveness Z scores and HNR dB values with increasing degree of averaging (Figures 1G and 1H; Figures 2A and 2B) , HNR only explained a relatively small proportion of the variance in the attractiveness ratings of experiment 1 (adjusted R 2 = 0.13). Moreover, the relation between attractiveness and HNR was no longer significant when only the original, unaveraged voices were considered (r = 0.09, p = 0.80), indicating that other factors are likely to contribute to vocal attractiveness.
Another effect of voice averaging, less obvious in Figure 1 , is that voice composites became increasingly similar to the population average. This effect can be better visualized by representing voices by points in a two-dimensional logarithmic ''voice space'' with axes defined by the fundamental frequency of phonation (f0, perceived as the pitch of voice) and the first formant frequency (F1, related to the vowel and perceived voice timbre), reflecting contributions of the source (f0) and filter (formant frequencies) components of phonation [12] . In such a space, the distance between two voices is closely related to their perceived similarity [13] . As shown in Figures 3A and 3B, voice averaging resulted in a clear convergence of male or female composites toward the same-gender population mean-a consequence of the logarithmic interpolation of both f0 and F1 across the two voices of a pair at each averaging step. In the logf0-logF1 space, Euclidian ''distance to mean'' was negatively correlated to vocal attractiveness ratings (r = 20.59, adjusted R 2 = 0.34, p < 0.001; Figures 3C and 3D, dark lines), which was expected because composites with a high degree of averaging, closer to the population mean, were rated as more attractive. The relation between distance to mean and attractiveness in experiment 1 was highly similar for male or female voices (Figures 3C  and 3D ; cf. Supplemental Results A). Critically, the correlation remained significant even when only individual, unaveraged voices were considered (r = 20.35, R 2 = 0.12, p = 0.005; Figures  3C and 3D , light lines), demonstrating an important link between the attractiveness of original voices and their acoustical similarity to the same-gender average voice.
To further test the link between distance to mean and attractiveness, we performed a third experiment in which distance to mean was manipulated. For each of the 64 natural voices of experiment 1, two new voices were generated (Figures 4A-4C): a ''contracted'' version (closer to the same-gender mean) and a ''dilated'' version (away from the mean), by equal amounts of physical change (50%). These changes affected both f0 and F1 values of the resulting voices while preserving other parameters: HNR values, in particular, did not differ between the contracted and dilated voices (F (1, 31) = 0.01, p = 0.94). A third group of 20 listeners performed an attractiveness discrimination task in which in each trial, the contracted and dilated versions of a natural voice were played in succession and subjects decided which voice they found more attractive. If distance to mean influences vocal attractiveness, as suggested by Experiment 1, the contracted voices should be preferred more often than their dilated counterpart. As expected, we observed a significant (F (1, 18) = 41.7, p < 0.001) preference for the contracted voices, more pronounced for the male voices ( Figure 4D ; proportion of contracted responses, mean (%) 6 SEM: male voices, 59.9 6 1.4; female voices, 53.8 6 1.3; effect of voice gender: F (1,18) = 11.9, p = 0.003). Again, the listener's gender had no influence on this pattern of response (F (1,18) = 0.002, p = 0.96).
What makes a voice beautiful? The human voice, in addition to its role as the carrier of speech, reveals valuable information regarding the speaker's biological characteristics [3, [14] [15] [16] . The perceived attractiveness of a voice partly reflects that biological information: ratings of vocal attractiveness correlate with phenotypic markers of health and reproductive fitness [17] and predict aspects of sexual behavior [18] in both male and female speakers. Listeners also attribute more positive personality characteristics to persons with attractive voices-a bias known as the ''what sounds beautiful is good'' vocal attractiveness stereotype [1] -with direct impact on a speaker's social success. Despite the social importance of vocal attractiveness, however, its underlying mechanisms remain obscure. Recent studies suggest that voices with more pronounced sexually dimorphic features (e.g., lower pitch in male voices) are preferred by the other gender ( [2, 3, [19] [20] [21] [22] but see [1, 17, 23] ), because they may signal a better reproductive potential. But other, possibly gender-independent mechanisms of vocal attractiveness remain unknown.
Here we demonstrate the novel phenomenon that vocal attractiveness increases by averaging, more than a century after analogous observations for faces had first been reported [6, 24] . It has been repeatedly shown that averaged (or composite) faces are judged more attractive than the majority of the underlying original faces [6, 7, 24] . Evolutionary theory explains this phenomenon in terms of preferences, driven by sexual selection, for facial features signaling health and fertility in normal faces, e.g., proximity to the population's average trait configuration (averageness), skin texture smoothness, and trait symmetry: because these features are all enhanced by the averaging procedure, the resulting faces are preferred to original faces [7, [25] [26] [27] ]. An alternative, but not exclusive, view suggests that the attractiveness of face composites reflects perceptual fluency [28] , a cognitive bias for prototype-like stimuli observed for several object categories, including nonbiological ones [29, 30] . Both the ''good genes'' and ''cognitive'' views predict a similar averaging-driven attractiveness enhancement for voices, yet this hypothesis had never been tested directly before this study (but see [21] ). We further show that nearly half of this effect is explained in part by the combination of two by-products of averaging: ''spectrotemporal smoothing,'' the reduction of aperiodic noise; and reduced distance to mean, or increased similarity to the population mean. Manipulating one parameter independently of the other in experiments 2 and 3 did affect vocal attractiveness in the predicted direction. These two effects appear largely independent from one another, as indicated in particular by the lack of correlation between HNR and distance to mean in the original voices (r = 20.03, p = 0.83). They are both directly analogous to effects known to affect facial attractiveness-skin texture smoothness and similarity with the average face-which emphasizes the similarity in psychological mechanisms of face and voice perception [31] .
These findings generate new questions. In particular, there is an apparent contradiction between the consistent lack of participant gender effects in the present study and the gender-specific effects reported in some previous studies [2, 3, 19, 20, 22, 32] . A possible explanation is that listeners may use different rating strategies when they are asked to evaluate voices of both genders, as in the present study, than when they are only presented with opposite-gender voices. Many studies only study voices of one gender with listeners of the other, an approach that clearly prevents the identification of possible gender-independent mechanisms and that may enhance strategies related to mating (e.g., enhancing the perceptual weight of differences related to secondary sexual characteristics). An additional factor is that whereas the vocal averaging procedure used in the present study affects both f0 and formant frequencies, several studies that have manipulated voice pitch have typically not changed formant frequencies (e.g., [21, 32] ), possibly resulting in more drastic, less natural transformations than the one caused by averaging (because average f0 and formant frequencies do covary in the overall population).
Vocal attractiveness appears to be a multidimensional percept flexibly based on different sets of diagnostic acoustic features-smoothness, distance to mean, sexual dimorphism-in complementary mechanisms arising from different selective pressures. How these mechanisms are implemented at the neurocognitive level is another important unanswered question. The effect of distance to mean could reflect normbased encoding of vocal stimuli by neuronal populations, in which individual voices are encoded by their distance to the central prototype, in analogy with findings from face perception [8, 33] ; it could also reflect the greater familiarity, or lesser distinctiveness, of voices closer to the mean.
Note that these findings were obtained with the use of brief vowels and hence cannot be easily generalized to realistic speaking situations in which a number of additional cues are present, including intonation, speaking rate, etc. Therefore, our results concern only one component that contributes to perceived voice attractiveness in realistic settings. Nonetheless, these findings have important implications for voicebased technology, suggesting simple ways of enhancing the attractiveness of synthetic voices at a time when automated voice systems become increasingly prevalent. To individuals, they suggest adjusting the average pitch of one's voice to the mean of the same-gender population-a deep B (121 Hz, or B2) for male voices and an A (213 Hz, or A3) for female voices in our sample-as a simple but effective means of vocal make-up.
Experimental Procedures Participants
Three groups of normal adult volunteers provided written informed consent and were paid £6/hr for their participation: n = 25 (13 females) in experiment 1, n = 10 (5 females) in experiment 2, and n = 20 (10 females) in experiment 3.
Tasks and Stimuli
Voice stimuli consisted of digital samples (16 bit, mono, 16 kHz sampling rate) of 32 male and 32 female adult speakers uttering the syllable ''had'' [9] . Stimuli were edited with Adobe Audition to remove the release burst in the final ''d,'' which would be likely to yield artifacts during averaging, and then normalized for power (RMS). They ranged in duration from 201 to 477 ms. Voice morphing and averaging was performed with STRAIGHT [5] in Matlab (The MathWorks). STRAIGHT performs an instantaneous pitch-adaptive spectral smoothing in each stimulus for separation of contributions to the voice signal arising from the glottal source (including f0) versus supralaryngeal filtering (distribution of spectral peaks, including the first formant, F1). Voice stimuli were decomposed by STRAIGHT into five parameters (three shape parameters: f0, frequency, duration; two texture parameters: spectrotemporal density and aperiodicity) that can be manipulated independently of one another. We manually identified in each stimulus time-frequency landmarks to be put in correspondence across voices ( Figures 1A-1F) . Morphed stimuli were then generated by resynthesis based on the interpolation (linear for time; logarithmic for f0, frequency, and amplitude) of these time-frequency landmark templates. Note that the morphing procedure interpolates between acoustical parameters, such that the perceptual correlates of the resulting voice are difficult to predict based on those of the original voices.
In experiment 1, separately for male and female stimuli, 32 individual voices were randomly paired with one another to generate sixteen 2-voice composites ( Figure 1B ). This process was repeated at subsequent degrees of averaging to yield eight 4-voice composites, four 8-voice composites, two 16-voice composites, and a single 32-voice composite for each gender (Figures 1C-1F ; Supplemental Audio S1-S6). Vocal attractiveness ratings in experiment 1 were collected for each voice with a visual analog scale ranging from ''extremely unattractive'' to ''extremely attractive,'' first for the 63 voice stimuli of one gender (32 natural and 31 composites voices) and then for the 63 voice stimuli of the other gender (order counterbalanced). VA ratings were converted to Z scores through the use of the average and standard deviation obtained within each subject for the 64 natural male and female voices pooled together.
In experiments 2 and 3, texture (aperiodicity, spectrotemporal density) and shape (f0, frequency, duration) parameters of voices were manipulated independently of one another with STRAIGHT. In experiment 2, for each of the 64 original voices of experiment 1, a smoother and a rougher version were generated ( Figures 2D-2F ) by morphing that voice with a weighted combination of all other voices of same gender, such that the resulting texture was moved toward the mean (smoother) or away from the mean (rougher) by equal amounts of acoustical change (50%) while the shape parameters remained unchanged. This manipulation resulted in voices with exactly the same pitch and timbre as the original voices, but with a reduced or enhanced aperiodic component (Figure 3 ; Supplemental Audio S7-S9). Measures of f0, F1, and HNR were performed with Praat [34] . HNR measures the energy of the periodic component of voice relative to the energy of its noisy, or aperiodic, part with an autocorrelation algorithm [34] .
Contraction and dilation of voices in experiment 3 were performed separately for male and female voices by independently rescaling f0 and frequency, leaving texture parameters unaffected. The resulting voices lie in log f0-log F1 space halfway between the original voice and the 32-voice composite for that gender (contracted voice) or opposite to the mean relative to the original voice (dilated voice, 50% away from the mean; Figure 4 ; Supplemental Audio S10-S12). In the attractiveness discrimination tasks of experiments 2 and 3, pairs corresponding to each of the 32 individual voices of one gender were played once in each order in a given block. Subjects performed one block for one voice gender (order counterbalanced) and then one block for the other gender, twice.
Supplemental Information
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